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Introduction
Wind turbine blade structures are commonly made of fibre reinforced polymer (FRP) composite laminates that possess good strength-to-weight ratio, corrosion resistance and excellent fatigue properties [1, 2] . Due to the decreasing cost and better properties, carbon fibres have the potential to replace glass fibres in some blade laminates. The manufacturing process may often introduce defects, and the operation or maintenance can further result in the damage in FRP laminates. Porosity, delamination, fibre failure, matrix cracks and fibre/matrix debonding are the common damage types in the laminate. The damage can lead to the degradation in stiffness, strength and fatigue life or even structural failure [3, 4] . Wind turbines are designed to sustain the service for around 20-30 years and thus expected to continue operating even if there is slight damage in the blade. Wind turbine blades in service are subjected to flexural loading caused by aerodynamic and gravitational forces [5] [6] [7] .
Thus it is necessary to investigate how the existing damage affects the flexural behaviour of FRP laminates.
Delamination is one of the common manufacturing defects and failure modes of FRP laminated composites [8] [9] [10] . Many studies have focused on the effect of delamination on mechanical properties of FRP laminates [3, [11] [12] [13] [14] [15] . Wang et al. [13] conducted compression experiments and finite element analysis to reveal the compressive failure mechanism in glass fibre reinforced polymer (GFRP) laminates containing embedded pre-delamination. Finite element modelling has also been applied to probe the uniaxial buckling behaviour of unidirectional and cross-ply carbon fibre reinforced polymer (CFRP) laminates with the delamination damage [11] .
Aslan and Sahin [3] reported that the large delamination induced by low velocity impact can influence the buckling behaviour and compressive failure in GFRP laminates. However, there is a paucity of research on the flexural behaviour of FRP laminated composites that contain the existing delamination.
There are different non-destructive techniques to characterise the damage within FRP laminates and to determine how the damage degrades mechanical properties. Xray microtomography (µXT, also commonly abbreviated as µCT in the literature) has been the powerful tool to reveal the internal 3D microstructures of materials with the resolution down to microns [16] [17] [18] [19] . In particular, the µXT technique has been used to investigate the damage in FRP laminates [19] [20] [21] [22] [23] [24] [25] [26] . Schilling et al. [26] extracted the internal micro-cracks in graphite/epoxy laminates after fatigue failure using the µXT.
Moffat et al. [25] observed the damage evolution in the [90/0]s CFRP laminate under tension in the in-situ synchrotron µXT. Lambert et al. [23] tracked the damage patterns within the [+45/-45/0]3s GFRP laminates during the fatigue tests. However, only few studies have reported the quantitative analysis of µXT images to measure the damage in FRP laminates and relate it to degraded mechanical properties [21, 24] .
The aim of this study was to investigate the effect of embedded pre-delamination (i.e., pre-existing delamination) on the flexural behaviour of CFRP laminates with the symmetric layup sequence [+45/-45/0]2s. The artificial pre-delamination was embedded at one of the different interfaces in the laminates. Static three-point bending flexural tests were performed to measure the flexural properties of the laminates with or without the pre-delamination. The µXT was conducted to characterise the internal damage of the laminates after the flexural failure under the first loading. The area of the damage in different orientations was quantified and correlated to the reduction of flexural properties by reloading. After the reloading failure, the fracture surfaces of the laminates were examined in the scanning electron microscope (SEM) to reveal the mechanisms for different failure modes. In addition, the stress in the laminate with no pre-delamination was analysed using the classical laminate theory (CLT) and then used to predict the failure in the laminate.
Experimental procedure

Materials and specimens
The carbon fibre reinforced polymer laminates were fabricated with the L-930HT (Cytec Solvay Group, USA) flame retardant unidirectional epoxy carbon prepregs. The L-930HT prepreg is extremely flame retardant that allows the designer to use it in a wide variety of structural applications, e.g., potentially wind turbine blades. The layup sequence is symmetric [+45/-45/0]2s, which is extensively used in wind turbine blade laminate structures. Seven types of laminates were prepared with or without the pre-delamination. One of them was with no pre-delamination (NPD). A 20 µm thick and 12 mm wide Teflon layer was embedded at the first (+45/-45), second (-45/0), third (0/+45), ninth (+45/0), tenth (0/-45) and eleventh (-45/+45) interface to create the pre-delamination in the other six types of laminates that were named PD1, PD2, PD3, PD9, PD10 and PD11, respectively (Fig. 1) . The predelamination location in the PD1, PD2 and PD3 laminates was symmetric about the neutral plane in relation to the PD11, PD10 and PD9 laminates, respectively. Table 1 lists the ply configuration in the seven types of CFRP laminates; PD represents the embedded pre-delamination.
The 190 × 250 mm rectangular laminates were cured in the autoclave at 127°C for 60 min under the vacuum pressure of -0.069 MPa (i.e., 0.069 MPa lower than the atmospheric pressure). The pressure inside the chamber was maintained at 0.41 MPa during the whole curing process. After curing, the thickness (i.e., depth) of all the laminates was measured to be approximately 2.13 mm and the weight fraction of fibres was nearly 70%. The specimens of the length 150 mm and the width 12 mm were machined from the cured laminates by waterjet cutting for static flexural testing (Fig. 1) . For the specimens with the pre-delamination, the 12 × 12 mm square Teflon layers was in the central portion of the specimen. [27] [28] [29] . Note that even though threepoint bending testing is principally designed for materials that fail at relatively small deflections and for the determination of flexural modulus, ASTM D790 standard provides the correction method to calculate the flexural stress at large deflections of more than 10% of the support span. The failure is identified at the point when the flexural stress reaches the maximum and then drops abruptly.
Static flexural testing and X-ray microtomography
After the failure, three out of the eight tested specimens were scanned in the Xray microtomography at 55 kV and 46 µA to characterise the internal damage near the central portion of the specimen. A set of 720 projections was recorded as the specimen rotated 360°, from which the 3D image of the specimen was reconstructed by an in-house algorithm [18, 30] . The algorithm stretched the depth of the image volume. The spatial resolution of the µXT images was 7.0 µm in the longitudinal (length) and transverse (width) direction and 8.8 µm in the depth direction, respectively. The damage (e.g., delamination, transverse cracks and fibre failure) was visualised and quantified for each ply and interface in the specimen using the AVIZO/FIRE software.
After the µXT characterisation, all the specimens were subjected to static flexural reloading to determine the residual modulus and strength. After the reloading failure, the fracture surfaces at the interfaces inside the specimens were examined in the JEOL (JEOL Ltd, Japan) 5600LV SEM.
Stress analysis
Analysis based on the classical laminate theory was performed to predict the inplane stresses of the [+45/-45/0]2s laminate with no pre-delamination subjected to the three-point bending load. The interlaminar shear stresses were determined according to the principle of continuum mechanism [27, 31] . Table 2 lists the anisotropic mechanical properties of unidirectional (UD) laminae required for the stress analysis.
These mechanical properties except ν23, G23 and S23 were directly measured in the compression (ASTM D3410), tension (ASTM D3039) and shear (ASTM D7078) experiments on the UD laminae. The Poisson's ratio ν23 = 0.3 was obtained in the literature [32] , thus the transverse shear modulus G23 = E2 / (1+ν23) [33] . The transverse shear strength S23 was approximated by the measured in-plane shear strength (S12 = S13). In the CLT analysis of three-point bending, the [+45/-45/0]2s laminate was subjected to a bending moment My,
where Pf = 343 N is the average failure load as measured in the flexural tests on the eight NPD laminates, and L = 75 mm is the support span. The stress and strain were calculated in the longitudinal x (1) and transverse y (2) and z (3) directions in the global (local) coordinate system. The 3D Tsai-Wu failure criterion factor was also computed based on the stresses in the local coordinate system to analyse the failure of the NPD laminate [34] . and strain were the effective values quantified using the measured bending load P and the midspan deflection D according to ASTM D790. As the deflections of all specimens were >10% of the support span, the effective flexural stress  at the midpoint of the outer surface was approximated with a correction factor:
Results
Static flexural behaviour
where b = 12 mm and d = 2.13 mm are the width and the thickness (depth) of the laminate specimen, respectively. The corresponding flexural strain ε was calculated as follows.
The flexural stress-strain curve consists of the initial linear elastic deformation, subsequent nonlinear response, and final failure where the stress drops abruptly. The initial effective flexural modulus 0 E was measured as the slope of the curve within the initial small deflection (<1% of the support span) where the correction factor can be ignored; thus the 0 E can be calculated:
where P0 is the initial load and D0 is the initial deflection. The flexural stress-strain curve during reloading was also calculated for the seven types of laminates; only the curve for the PD1 specimen is shown in Fig. 3 . Fig. 4 illustrates the effective flexural modulus at the initial elastic stage and the flexural strength at failure in the first loading and reloading. A deviation of <10% was achieved in the measured flexural properties, indicating the consistent material and experiment conditions. ply group, i.e., the compression zone of the laminate subjected to three-point bending ( Fig. 5(a) ). The SEM characterisation further exhibits the details of the failure modes in the plies (Fig. 5(b-e) ). Specifically, the fibre failure, matrix cracking and fibre/matrix debonding occur in the plies of the 1 st group (Fig. 5(c-e) ), and the delamination forms at the first (+45/-45), second (-45/0) and third (0/+45) interfaces near the top of the specimen ( Fig. 5(b) ). Note that both matrix cracking and fibre/matrix debonding cannot be differentiated in the low magnification SEM image, and thus they are identified as the transverse crack ( Fig. 5(b) ).
Flexural failure modes
The fibre failure (i.e., micro-buckling or kinking) can be observed in the 0 ply of the 1 st ply group (Fig. 5(c) ). The length of fractured fibres (λ) is approximately equal to seven fibre diameters, which was also found in other laminates [27, 35] . The kinking band inclines with an angle (β) to the fibre direction. Exposed fibres are associated with ridges and valleys in the matrix in the two faces of the crack opening within the +45, -45 and 0 plies, implying the occurrence of fibre/matrix debonding [36] (Fig. 5(c-e) ). The shear cusps as observed in Fig. 5(d, e) are the characteristics of matrix cracks arising due to the extensive localised yielding of the matrix. in fibre/matrix debonding [36] . The shear cusps oriented perpendicular to the matrix valleys also form between two adjacent valleys on the fracture surface; this is the result of the extensive localised yielding of the matrix caused by the shear stress in the interlaminar interfaces [37] . However, the quantity of exposed fibres (and matrix valleys) seems more than the shear cusps. This suggests that the delamination crack initiates and propagates along the fibre/matrix interface rather than within the matrix, probably because the fibre/matrix interface is weaker than the interlaminar epoxy in the present study. Therefore, the dominant mechanism for delamination failure in the [+45/-45/0]2s laminate is fibre/matrix debonding instead of matrix cracking.
The SEM examination on the fracture surfaces of the laminates with the predelamination also reveal that similar to the NPD laminate, the failure modes including delamination, fibre failure, matrix cracking and fibre/matrix debonding mostly occur in the 1 st ply group. All these failure modes as observed can be considered as the damage in the laminate subjected to flexural loads.
Internal 3D damage
X-ray microtomography on the laminates after the first flexural loading and failure characterises the details of the internal 3D damage within the plies that cannot be observed by optical microscopy. Fig. 7(a) ). The full features of the transverse cracks and fibre failure can be observed in Fig. 7(b) . The biggest damage of fibre failure occurs in the 0 ply and it continuously extends through the width of the specimen and perpendicular to the fibre directions. Most of the transverse crack planes in the +45 and -45 plies are parallel to the flexural loading direction. Note that this loading direction (i.e., the moving direction of the crosshead as shown in Fig. 5(a) ) is perpendicular to the laminate plane.
But the transverse crack planes in the 0 ply are perpendicular to the loading direction.
The delamination is interconnected with the transverse cracks and fibre failure in the adjacent plies; moreover, the transverse cracks join the fibre failure in the same ply.
Similar to the NPD laminate, the in-ply and interlaminar failure modes and the 3D patterns (location or distribution) can be found in the other six types of laminates with pre-delamination (PD1, PD2, PD3, PD9, PD10 and PD11) as shown in Fig. 8 .
However, some differences and exceptions exist in these laminates due to the effect of pre-delamination at various interfaces. These phenomena are highlighted as follows.
 In the PD1 laminate ( Fig. 8(a) ), the fibre failure interconnects the two transverse cracks within the +45 ply; and the fibres in the 0 ply fail along the transverse crack propagation direction in the adjacent -45 ply. It seems that the transverse crack can provoke the fibre failure as the transverse strength is less than the longitudinal strength of the UD laminae (Table 2) .
 In the PD2 laminate ( Fig. 8(b) ), no delamination forms in the +45/-45 interface with no transverse cracks in the +45 ply and no fibre failure in the +45 or -45 plies. The transverse cracks in the -45 ply is the only damage above the -45/0 interface where the pre-delamination is embedded.
 In the PD3 laminate ( Fig. 8(c) ), the fibres in the +45 and -45 plies do not fail.
 In the PD9 and PD10 laminates (Figs. 8(d, e) ), the damage size (e.g.  In the PD11 laminate ( Fig. 8(f) ), new delamination develops from the embedded pre-delamination at the -45/+45 interface with the transverse cracks in the adjacent +45 ply.
Discussion
Correlation between stress and failure
In the [+45/-45/0]2s laminate with no pre-delamination, only the normal stresses σ1 (compressive) and σ2 (tensile) in the 0 ply of the 1 st group exceed the longitudinal compressive strength Xc and the transverse tensile strength Yt, respectively (refer to Fig. 2(a, b) and Table 2 ). The highest Tsai-Wu failure factor (>1.0) also exists in the same ply ( Fig. 2(d) ). Therefore, the fibre failure and transverse cracking (matrix cracking and fibre/matrix debonding) occur in the 0 ply of the 1 st group as shown in (Fig. 2(a, b, d) ). Thus this new stress concentration results in the failure in the neighbouring +45 and -45 plies of the 1 st group in the NPD laminate (Fig. 5) .
The overall stress distribution in the laminates with pre-delamination (PD1, PD2, PD3, PD9, PD10 and PD11) is expected to be similar to that in the NPD laminate. which fibre/matrix debonding is the primary mechanism while matrix cracking the secondary mechanism. The in-ply and interlaminar failure modes in these multidirectional laminates may interact with one another; such interaction need to be considered for the reliable prediction of service performance.
Effect of pre-delamination on flexural behaviour
Despite the similarity in damage distribution, the location and size of the damage can be affected by the embedded pre-delamination at the interface. The location of some damage in the PD2, PD3 and PD11 laminates is different from that in the NPD laminate. The Tsai-Wu factor in the +45 and -45 plies of the 4 th group exceeds 1.0 in the NPD laminate ( Fig. 2(d) ), but the two plies do not fail probably because much energy is released during the failure in the 1 st group. However in the PD11 laminate, the embedded pre-delamination may lead to the increased Tsai-Wu failure factor in the outer +45 ply in the 4 th group, and the new delamination developed at the-45/+45
interface with the transverse cracks in the adjacent +45 ply. Even though the damage locations in the PD1, PD9 and PD10 laminates seem similar to the NPD laminate, the embedded pre-delamination affects the damage size.
The areas of delamination (excluding pre-delamination), transverse cracks and fibre failure in the 1 st ply group in the seven types of laminates were calculated from the µXT images using the AVIZO/FIRE software. The damage area was chosen instead of the damage volume as in some literature [24] , because the opening displacement of the delamination damage is arbitrary and random. Fig. 9(a) demonstrates the delamination areas at the three interfaces in the 1 st ply group of the seven types of laminates. The embedded pre-delamination was excluded from the delamination damage in the calculation. The largest delamination is located at the third (0/+45) interface among the three interfaces probably due to the high strain energy release rate for delamination at this interface [23] . The smallest delamination is at the first (+45/-45) interface for all the laminates except PD1 (Fig. 9(a) ); in particular the delamination area at the first interface is zero in the PD2 laminate ( Fig. 8(b) ). For the PD1 laminate, the delamination area at the first (+45/-45) is slightly larger than that at the second (-45/0) interface because the pre-delamination at the first interface leads to more delamination damage at the same interface under flexural loads.
The embedded pre-delamination has little influence on the initial flexural modulus but has a significant impact on the flexural strength at failure in the laminates (Fig. 4) . The modulus of the seven laminates at initial loading is almost the same because the interlaminar plane of pre-delamination damage is perpendicular to the bending load direction. The pre-delamination reduces the flexural strength and strain at failure (Figs. 3 and 4) . But the extent of such negative effects on the strength can be different, depending on the location of the embedded pre-delamination.
Specifically, the flexural strength of the [+45/-45/0]2s laminate is more sensitive to the pre-delamination embedded at the third interface (0/+45), but less sensitive to that at the ninth interface (+45/0).
Effect of damage on flexural properties after reloading
All the damage observed in the seven types of laminates can be grouped into two types according to the orientation of the damage plane relative to the flexural loading direction (crosshead motion direction). First, the perpendicular damage includes the delamination in all the interfaces and the transverse cracks in the 0 ply; the plane of the damage is perpendicular to the flexural loading direction. Second, the transverse cracks in the 45 and -45 plies and the fibre failure in all the plies are categorised as the parallel damage, since the damage plane is parallel to the loading direction. The calculated areas of the perpendicular damage are plotted in Fig. 9(b) , whilst the parallel damage area are in Fig. 9(c) . The damage area is compared to the reduction of flexural properties after flexural reloading. The reduction ratios of flexural strength and modulus ( Fig. 9(b, c) ) were calculated based on the measured properties at the first loading and the residual properties at reloading (Fig. 4) . The areas of perpendicular (parallel) damage formed at loading are almost positively correlated with the reduction of flexural strength (modulus) by subsequent reloading. Table 1  The ply Shear strength in 1-2 and 1-3 planes (MPa), S12=S13 110
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